Abstract: A soil test N (STN) is required to implement N fertilizer recommendations for vegetable crops in cultivated organic soils. A STN can be developed using the isometric log ratio (ILR) to balance soil C, N, and other soil components amalgamated into a filling value (F v ) and to derive a Mahalanobis distance (M 2 ) as STN. Our objective was to conduct a meta-analysis of multi-year and multi-site N trials on lettuce (Latuca sativa L.) response to added N along a gradient of M 2 values, and to develop an N recommendation model. Twenty-four N fertilization experiments were conducted from 2002 to 2006 in organic soils of southwestern Quebec. Each crop received four N rates from zero to 120-150 kg N ha −1 applied before seeding or in split applications. The relationship between N requirements by lettuce and STN was quadratic whether lettuce was seeded or planted. There were three STN fertility classes delineated by M 2 values of 1 and 5.5. The N recommendation model and its uncertainty were valuable for M 2 values up to 8.4. This approach provides a reliable test soil N to implement appropriate fertilizer recommendations for lettuce in organic soils.
Introduction
After drainage and reclamation, the peat material in the top layer of organic soils ripens into pedogenic 'moorsh' or muck layers (Illnicki and Zeitz 2003) . The thickness of the upper muck layers averages 30 cm in Quebec cultivated organic soils (Parent et al. 1989) . Organic matter mineralization rate may be so high in organic soils that lettuce no longer responds to added N (Hamilton and Bernier 1975; Sanchez et al. 1988; Hoque et al. 2010) , and excessive nitrate production may contaminate surface and ground water (Duxbury and Peverly 1978; Miller 1979; Simoneau 1996; Patoine and D'Auteuil-Potvin 2013) .
In the top 20 cm of organic soils, total N content averages 14 Mg total N ha −1 , in the range of 5-27 Mg ha −1 , essentially as organic N (Kaila et al. 1953; Scheffer 1976 ). Nitrogen transformation is highly correlated to change in soil C content (Griffin and Laine 1983) . Using the C/N ratio allows the evaluation of N mineralization or immobilization in organic soils (Janssen 1996) . While N availability in peat materials containing less than 17 g N kg −1 or C/N ratios exceeding 29-30 may limit crop yield, yield was shown to increase linearly in the range of 20-30 g N kg −1 or as the C/N ratios decrease from 25 to 17 (Puustjärvi 1970 ). The C/N ratios were found to be 13-20 in Canadian peat materials (MacLean et al. 1964) . A Dutch organic soil (C/N = 14.5) was reported to release 480 kg mineral N ha −1 yr −1 or 1.3 kg mineral N ha −1 d −1 (Schothorst 1977) . In Quebec, strongly mineralizing organic soils can release more than 1 kg mineral N ha Duguet et al. 2006 ). However, Hacin et al. (2001) showed that N mineralization in organic soils depended not only on the C/N ratio, but also on organic matter content and water table level. As a result, a soil test based on total C and N, as well as a filling value to 100% (F v = 100%-%C-%N) that amalgamates all other components such as ash, S, O, and H, would be useful to model lettuce response to added N in organic soils (Duguet et al. 2006) . Compositional log ratio transformations were proposed to handle data constrained to 100% (Aitchison 1986; Egozcue et al. 2003) .
Meta-analysis has been used to model field crop response to fertilizers (Tremblay et al. 2012; Parent and Bruulsema 2013; Valkama et al. 2013 ). Allocating to subgroups sites of differential lettuce responses according to crop management (planted or seeded) and organic soil composition (C, N, and the filling value), and analyzing the effect size of N additions by meta-analysis (Borenstein et al. 2009 ), could improve the accuracy of N fertilizer recommendation for lettuce grown in Quebec organic soils.
The objective of this study was to conduct a metaanalysis of multi-year and multi-site trials on lettuce response to added N in Quebec organic soils using a compositional soil test N.
Material and Methods

Experimental sites
The Quebec lettuce data set comprises 24 N fertilization trials conducted in organic soils of southwestern There were three types of lettuce (romaine, crisphead, and leaf), either seeded or planted. The average growing period to meet commercial standards was 52 d for romaine, 43 d for leaf lettuce, and 63 d for crisphead lettuce. There were three replications and four N treatments including a zero-N control and applications up to 150 kg N ha −1 , arranged in randomized complete block designs. Plots were 4-6 m rows in width and 6-10 m in length. Fertilizers were applied broadcast before sowing or planting or in three split applications, depending on dosage; however, total N was retained for conducting meta-analysis because of no significant effect of split N (data not shown). Yields were measured in two central rows of 4-6 m in length. Plant density (number plants ha −1 at harvest) averaged 61 102 for romaine, 61 073 for leaf lettuce, and 53 184 for crisphead lettuce. The harvested plants were classified based on marketability.
The soils were collected in the spring before fertilizer applications, composited by block (three sub-samples), cleaned for roots and woody particles, air-dried, ground and 2 mm sieved before analysis. Soil pH (0.01 M CaCl 2 ) was determined using a 1:4 soil to solution volumetric ratio (Parent and Tremblay 2003) . Total C and N were determined by combustion using a CNS- Leco 2000 instrument (LECO 1999 . Organic matter content was estimated assuming 58% C content. Elements were extracted using the Mehlich-3 method (Mehlich 1984) and quantified by ICP-OES.
Soil test N
Duguet et al. (2006) used a centred log ratio transformation to account for interactions between C, N, and other amalgamated components. Filzmoser et al. (2009) considered that the isometric log ratio proposed by Egozcue et al. (2003) was the most appropriate transformation technique to handle environmental compositional data statistically. Compositional data are multivariate in nature, non-overlapping, and closed to some whole such as the unit or scale of measurement (here, 100%). The log-ratio-multinormal (rather than lognormal) distribution of compositional data has been derived by combining the logistic and Dirichlet distribution laws (Aitchison 1986) . Proportions of C, N, and the filling value (F v ) computed by difference from 100% are transformed into isometric log ratios (ILR) as follows:
Where r and s represent the number of variables at numerator and denominator, respectively. Log ratios are also called log contrasts or balances between two subsets of components. The normalization coefficient ffiffiffiffiffi ffi balances can be selected. Soil C and soil N can be contrasted as documented by Puustjärvi (1970) . Organic matter and ash contents (Hacin et al. 2001 ) can be accounted for using the filling value as a measure of dilution for soil C and soil N into the residual soil mass.
Because ILRs are orthogonal to each other, indices can be computed as distances separating a given composition to a reference one as follows:
where ILR Ã X and S Ã ILRX are the mean and standard deviation for C, N, and F v compositions of organic soils showing high N mineralization rates (Duguet et al. 2006) . Using independent data from USA and Europe to derive compositional balance (isometric log ratio) standards (Duguet et al. (2006) , we computed ILR Ã ½NjC as 1.899 ± 0.173, and ILR Ã ½FvjC,N as -1.391 ± 0.192 (mean ± standard deviation). Because ILRs are orthogonal to each other, a multivariate distance from a reference composition can be computed as a Mahalanobis distance (M 2 ) as follows:
Statistical Analysis
Analyses of variance of marketable yields were performed for each trial using the MIXED procedure using SAS version 9.2 for Windows (SAS Institute Inc. 2010, Cary, NC). The effects of N fertilization on yield were then analyzed by meta-analysis. The response ratio (RR) between the means of lettuce yields in the fertilized and the control plots, respectively, was computed as follows (Borenstein et al. 2009 ):
with variance:
where
and X 1 and X 2 represent yield means for treatment and control, respectively; S 1 and S 2 are the corresponding standard deviations computed as the square root of error mean square, S pooled is the pooled standard deviation within groups, n 1 and n 2 are the sample sizes equal to the replications of a trial. Note that the relative yield used as effect size in meta-analysis (treatment/control) is the inverse of that commonly used to conduct CateNelson analysis (control/treatment) (Nelson and Anderson 1977; Guérin et al. 2007 ). Meta-analysis was conducted using Metawin version 2 (Rosenberg et al. 2000) and Excel version 2013 according to formulas reported by Borenstein et al. (2009) and Valkama et al. (2013) . The confidence intervals were computed using two-tail z values (P = 0.05) as suggested by Borenstein et al. (2009) . Size effect in meta-analysis was declared significant at P < 0.10. Because the effect of climate on the response ratio could not be tested due to the limited number of N trials, STN was the only factor retained to classify lettuce response to added N.
Results and Discussion
Soil properties
The soils covered a large spectrum of C and N concentration values and other properties (Table 2 ). Total C varied between 327.3 and 495.2 g kg −1 while total N ranged between 15.2 and 27.2 g N kg −1 , organic matter between 55.4% and 85.4%, and the soil C/N ratio between 15.9 and 29.9. In comparison, high-N peat materials show N concentrations in the range of 16-45 g N kg −1 (Yefimov and Tsarenko 1993) . Quebec organic soils were on the low side of high-N organic soils but within the range reported by Duguet et al. (2006) . Soil pH CaCl2 varied between 4.1 and 6.3 or pH H2O ranging between 4.4 and 6.7 (Parent and Tremblay 2003) , still within the range reported by Duguet et al. (2006) . Soil pH of cultivated organic soils is generally close to 5.6 (Shickluna and Davis 1952) , with target pH varying between 5.4 and 5.8 (Lucas 1982) .
The M 2 values averaged 3.4 in the range between 0.2 and 8.4, therefore, did not exceed 11, the upper limit for net nitrification in Quebec organic soils (Duguet et al. 2006) . The M 2 value of 8.4 is thus the upper limit for the proposed N recommendation model for lettuce crops grown in the organic soils of southwestern Quebec.
Crop response to added N within pre-determined soil N fertility classes Because lettuce crops were not responsive in organic soils showing M 2 values < 1.0, as was the case for other vegetable crops (Duguet et al. 2006) , soil categories were established as follows to conduct subgroup meta-analysis (Table 3) : no response (M 2 < 1.0), medium response (1.0 < M 2 < 5.5), and high response (M 2 > 5.5), where 5.5 is half the maximum value of 11 for net nitrification (Duguet et al. 2006 ).
In the M 2 < 1.0, 1.0 < M 2 < 5.5, and the M 2 > 5.5 categories, maximum marketable yields of lettuce were 65, 44, and 52 t ha −1 , and relative yields (treatment/control) were close to 1, 1.3, and 2.2, respectively (Table 3 ). The lettuce crop was significantly (P < 0.10) responsive to added N only where M 2 exceeded 1.0. In the M 2 < 1.0 STN category, the control treatment yielded even more than any of the N treatments. Indeed, non-responsive lettuce crops have been reported in a past calibration N study by Hamilton and Bernier (1975) . However, the present study integrated many more N trials indicating that lettuce grown in organic soils was responsive to added N in most cases. The relationship between lettuce N requirements and STN was quadratic whatever lettuce was planted or seeded (Fig. 1) . In irrigated mineral soils of California lettuce responded quadratically up to 225 kg N ha −1 (Hoque et al. 2010 ). Crop response to added N was closely related to M 2 as STN index (Fig. 1 ). Significant effects of 30, 60, and 120 kg N ha −1 treatments were found in M 2 groups averaging 2.84 (±0.30), 4.27 (±1.06), 6.77 (±0.65) (planted), and 6.93 (±0.65) (seeded), respectively. Significant responses to an N treatment showing the highest RR (Table 3) were selected to elaborate the N recommendation model. The equation relating N rate to M 2 was computed as follows:
Where y is N dosage and x is the Mahalanobis distance (M 2 ). No R 2 value is presented because the metaregression uses group means rather than individual data points. Variation about each group mean are indicated by confidence intervals (P = 0.05). We did not compute the optimum economic yield because the cost of fertilizer is rarely considered in lettuce fertilization due to the high value of the crop compared with the cost of 3-790.7 the N fertilizer. The close quadratic fit between mean values of M 2 . and recommended N rates indicates that M 2 was an appropriate STN index for soil capacity to supply N to the crop and to adjust the N fertilization of lettuce accordingly. No such fit could be obtained using total N or the C/N ratio alone as STN (data not shown) as already demonstrated by Duguet et al. (2006) for N mineralization capacity. Indeed, organic soil compositions vary considerably in Quebec organic soils as shown in Table 2 and should include the filling value. Total N would be as effective as M 2 if C and F v compositions varied to a small extent, while the C/N ratio would be as effective as M 2 where F v content varied little. The STN indices based on total N and the C/N ratio only appeared to be valuable primarily for high-C peat materials (Puustjärvi 1970; Janssen 1996, Parent and Khiari 2003) .
Conclusion
Total N and the C/N ratio have been debated in the past as soil test N for organic soils. Compositional tools that account for C, N, and the filling value to full composition (100%) have been recently applied to model N mineralization in organic soils. In this paper, we used the isometric log ratio and meta-analysis to diagnose soil test N and lettuce response to added N. Using isometric log ratio standards from high-N mineralizing soils worldwide, we found a very close relationship between the Mahalanobis distance as STN and lettuce response to added N across a large spectrum of C and N compositions of organic soils. Note: a, significant at the 0.10; nd, not determined (too few degrees of freedom); ns, not significant. 
